In this work, by combining the wavelength-and time-division multiplexing technologies, we demonstrate a multiplexing time-bin entangled photon pair source based on a silicon nanowire waveguide and distribute entangled photons into 3(time) × 14(wavelength) channels independently. The indistinguishability of photon pairs in each time channel is confirmed by a fourfold Hong-Ou-Mandal quantum interference.
INTRODUCTION
Entangled photon pairs play a major role in many quantum information fields [1] , especially in quantum communications. How to share larger amounts of entanglement in smaller periods of time is a key for achieving a high communication rate. One promising way is to use multiplexing of photon's different degrees of freedoms to parallel handle the large amounts of information in multiple channels independently. Recently, significant efforts have been devoted in this field to, for example, generate multiplexed entangled photons wavelength-division multiplexing (WDM). [2] [3] However, simultaneously using TDM and WDM techniques to distribute entangled photon pairs has not been realized yet.
In this work, we report in the following an experimental realization of a simultaneous time and wavelength multiplexing of time-bin entangled source [4] based on a silicon nanowire waveguide (SNW). We distribute entangled photons into 3(time) × 14(wavelength) channels independently. In this way, we can increase the bit rate by a factor 42 compared with the single channel systems if it is applied in quantum communication. Furthermore, the entanglement states in different time channel can be adjusted independently due to the unique design of our scheme. We experimentally show nearly noise-free two-photon interferences with high visibilities in 3(time) × 5 (wavelength) channels, clearly demonstrating the time-energy entanglement in each pair and the independence of three time channels. Finally, we perform a four-fold Hong-Ou-Mandel (HOM) [5] interference between photon pairs from different time slots to demonstrate the indistinguishability of photons at different time slots.
TIME-AND WAVELENGTH-DIVISION MULTIPLEXING AND DE-MULTIPLEXING SCHEME
The principle diagram of our scheme is illustrated in Fig. 1 . In the TWDM scheme, the original pulsed pump has a period of NT. Using two 1-to-N couplers and optical delay line with a delay of 0, T… NT, the period of the pump pulse becomes T and the repetition rate R is increased by N times. We defined the pulse in each time slots as time division channels. Then, a SNW is pumped by multiplexed pulses, so temporal multiplexed entangled photon pairs with a broad spectrum can be generated in N time slots (T1, T2 ... Tn). Entanglement can be established between photons in their different degrees of freedoms. And we can control the phase of entanglement states in different time channel independently by adjusting the phase of corresponding pumped pulse. In other words, entanglement states belonging to For the procedure of de-multiplexing, we use an electronic circuit to extract timing information from the pump pulse. The synchronous clock is subsequently used to control optical switches which can actively route entangled photon pairs into N time slots. By merging wavelength-division multiplexing/de-multiplexing (DWDM) technique, the entangled photon pairs in each time slot are shared by M pairs of users. Thus, the entangled modes can be increased to N (time) × M (wavelength), offering great promising for high-capacity quantum communication systems. Figure 1 . The principle diagram for entanglement source. Multiplexed pulses pump an SNW to generate entangled photon pairs in N time slots. The entangled photon pairs are firstly split into temporal channels using a time division multiplexer (TDM), which is consist of optical switches. Then, the entangled photon pairs are distributed to multiusers by DWDM.
EXPERIMENT
Fig . 2 showed the entire experimental setup for producing and analyzing multiple frequency-mode time-bin entanglement. The nonlinear device employed in our experiment is a SNW with a length of 1cm and transverse dimensions of 220nm (height) × 450nm (width). The weak and anomalous dispersion of SNW enables broadband phase matching for SFWM, generating photon pairs over a broad bandwidth. The pump laser is a mode-locked fiber laser with a repetition rate of 27.97MHz (35ns period) and a pulse duration 15ps. Each pulse is split into three pulses spaced by 10ns using two one-to-three fiber couplers and three optical fiber delay lines. We obtained time-division multiplexed time-bin entanglements by passing three pulses through three stabilized unbalanced Michelson fiber interferometers (UMI, 1.6ns time difference between two interfering beams). Each UMI is individually sealed in a copper box and thermally insulated from the air. The temperature of each copper box is controlled with a homemade semiconductor Peltier temperature controller with temperature fluctuations of ±2 mK. Now we give a brief theoretical description of our time-division multiplexed time-bin entanglements. After each pulse in different channel is divided into two time bins by UMI, the pump photon is prepared in state:
Where S and L signify the short and long arms of interferometer through which photon passes, respectively, and 
A temporal de-multiplexing setup is consist of two active 1×2 optical switches and electronics synchronization control module. The 1×2 optical switch is a high-speed electro-optic polarization-independent switch, made from a lithium Niobate single mode waveguide. The output from optical switch network is connected to 32 × 100 GHz bandwidth DWDM. The spectrum of the photon is broad enough to cover the entire telecom C-band, thus. And the DWDM is well suited for de-multiplexing the entangled states. In the experiment, we fix the pump wavelength at 1550.12nm. To characterize the time-and wavelength-division multiplexing entanglement of the source, we selected 15 channel pairs in different time slot and different wavelength and obtained quantum interference with high raw visibilities above 90% (see Fig. 3(a) .) After subtracting the background noise, the visibility was found to be above 95% in all channel pairs. If the visibility of the two-photon interference is >70.7%, the Clauster-Horne-Shimony-Holt (CHSH) inequality would be violated [6] , proving the entanglement between photons.
To further characterize quantum states in different temporal slots, we measure the two-photon interference fringes between two photons from three channels. As shown in Figs. 3(b) -(d) with dashed and solid lines, the two-photon interference fringes have a period of oscillation of π for the pump phase and 2π for the signal (idler) phase, which confirm the phase dependency in SFWM. To verify the independence of three time channels, we fixed the pump UMI phase in T1 and T2 channel at π/2 and T3 channel 0 at the same time. As shown in Figs. 3(b)-(d) , the phase of interference fringes in different time channel is independent changing as expect. The distinct properties of our temporal multiplexing and de-multiplexing system have enormous potential applications in the future quantum communication. To check indistinguishability of de-multiplexed photon pairs, we performed a four-fold HOM interference experiment between photon pairs generated in different time channel. We removed UMIs in the first experiment and chose two groups of channel pairs for experiment (see Fig. 5 ). The photons with the same wavelength, to be interfered, were chosen from different time channels. A tunable optical delay line was applied to output photons from different channels so that they can appear in a time slot. Then idler channels were input into a 50:50 fiber coupler whose two output ports were followed by SSPD1 and SSPD2. To ensure that the photons from the two idler channels had the same polarization, two PCs were installed before fiber coupler. The signal photons were received by SSPD3 and SSPD4 and set as trigger signals. A higher pump powers is applied to have sufficient coincidence counts to make the statistics meaningful. With the increasing of pump power, multi-photon effect appears which reduces the visibility of the HOM dip. Fig. 5 shows the obtained net four-fold coincidences as a function of optical delay. Without subtraction of any background counts, the raw visibility of the four-fold HOM dip between S14-I14-T3 and S14-I14-T2 channel pairs (S8-I8-T1 and S8-I8-T2 channel pairs) is 58.48±15.02% (55.43±3.93%), indicating that non-classical interference occurred between channel pairs in different temporal modes. The dark coincidence was measured by blocking one arm of the coupler, and summing the two results together. When subtracting the dark coincidence, we obtain net visibility of 92.9±6.2% (76.9±5.7%). 
CONCLUSION
We have proposed and experimentally realized a scheme to generate a time-and wavelength-division multiplexed entangled source using a SNW, and simultaneously distributed time-energy entangled photon pairs over 3 × 14 channels by combining DWDM and TDM techniques. The perfect visibilities of two-photon interference in all 3 × 5 channels clearly demonstrate the high entanglement in each channel pair. Furthermore, a four-fold HOM experiment between two photon pairs in different time slots have been reported, which demonstrates the indistinguishability between the photon pairs in different temporal mode. Generating photon pairs in different time slots enables an additional freedom, which makes multipartite entanglement readily available. In conclusion, this work provides a road map for creating highcapacity entanglement-based quantum communication system and for generating complex quantum states, which extends significantly the ability of integrated quantum photonics.
